We have used deep level transient spectroscopy (DLTS), and Laplace-DLTS to investigate the defects created in antimony doped germanium (Ge) by sputtering with 3 keV Ar ions. Hole traps at E V + 0.09 eV and E V + 0.31 eV and an electron trap at E C À 0.38 eV (E-center) were observed soon after the sputtering process. Room temperature annealing of the irradiated samples over a period of a month revealed a hole trap at E V +0.26 eV. Above room temperature annealing studies revealed new hole traps at E V + 0.27 eV, E V +0.30 eV and E V +0.40 eV.
Introduction
Since the recent renewed interest in germanium (Ge) as a possible candidate for high performance complimentary metaloxide-semiconductor (CMOS) devices because of its higher mobility at low electric fields [1] , a lot of research work has been performed on the electrical properties of defects introduced during high-energy gamma, electron and proton irradiation [2] [3] [4] [5] [6] [7] [8] . The defects introduced by heavier particles than electrons have also been investigated, during electron beam deposition of Pt Schottky contact on n-Ge [2] and during the implantation of n-Ge by heavy ions [3] . It is generally believed that heavy low energy ions may create shallow complex defects when compared to electron irradiation and the resulting traps can influence the performance of devices. Sputtering is a widely used metal deposition and surface cleaning technique in microelectronics, and generally is associated with defect creation by low energy heavy ions. In this study trap levels introduced by sputtering with 3 keV energy Ar ions have been investigation. Defects introduced by low energy ions are important, particularly for shallow junction devices, as they will determine the reliability and performance of these devices.
Experimental procedure
We have used bulk grown n-type Ge with (111) crystal orientation, doped with antimony, (Sb) to a density of 2.6 Â 10 15 cm À 3 supplied by Umicore. Before metallization the samples of 0.3 cm Â 0.3 cm in size were first degreased and then etched in a mixture of H 2 O 2 :H 2 O (1:5) for 1 min. Immediately after cleaning they were placed in a vacuum chamber where AuSb (0.6% Sb), 130 nm thick, was deposited by resistive evaporation on their back surfaces as ohmic contacts. The samples were then annealed at 350 1C in argon (Ar) for 10 min to minimize resistivity of the ohmic contacts. Prior to the Schottky contact fabrication, the samples were sputtered by 3 keV Ar ions of fluences, 1 Â10 13 cm À 2 and 1 Â10 14 cm À 2 using Auger electron spectroscopy (AES). The sputtering process resulted in approximately 500Å, thick layer being removed. Immediately after sputtering, Pd contacts, 0.60 mm in diameter and 100 nm thick were deposited by vacuum resistive evaporation. After the contacts were formed, the samples were characterized by current-voltage (I-V) and capacitancevoltage (C-V) techniques at room temperature. The defects introduced were characterized by DLTS and Laplace-DLTS [4, 5] . The 'signatures' of radiation induced defects (i.e. energy position E T in band gap relative to the conduction band and valence band for the electron traps and hole traps, respectively, and their apparent capture cross section, s a ), were determined from Arrhenius plots of log (T 2 /e) vs. 1000/T, where 'e' is either the hole or electron emission rate, and T is the measured temperature in Kelvin scale. DLTS measurements were performed regularly over a period of 4 months to monitor defect stability and evolution at room temperature. To get more information on the defects introduced by Ar ions sputtering, the samples were then annealed isochronally for 20 min in Ar gas from room temperature up to 300 1C. After each and every annealing cycle, I-V, C-V, DLTS and LDLTS measurements were performed.
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Results and discussion
In this section we present the electronic properties of the defects created by Ar ion sputter damage. The annealing behavior of the defects is also discussed.
Electron and hole traps
The DLTS spectra (Fig. 1) shows the finger prints of the hole traps recorded after 3 keV sputtering with Ar ions of fluence 1 Â10 14 cm À 2 . Curve (a) shows the data collected immediately after irradiation and curve (b) shows the data after one month of room temperature storage. The DLTS spectra measured immediately after the sputtering reveals an electron trap level E(0.38) (spectrum not shown) and two hole traps H(0.09) and H(0.31) curve (a). In this nomenclature 'E' is the electron trap and '0.38' is the position of the trap from the conduction band whereas 'H' is the hole trap and '0.09' is the position of the trap relative to the valence band. After room temperature annealing for about a month a hole trap H(0.26) was observed. It should be noted that the un-sputtered Ge did not contain any defects in the detactable range limit, which is consistent with data in Refs. [6, 7] . The defect 'signatures' for the radiation induced defects and those that evolved at room temperature were extracted from the Arrhenius plots, shown in Fig. 4 (filled circles) and the electron properties of these traps are summarized in Table 1 . When compared with defects introduced in similar samples by 1 MeV electron irradiation [6] [7] [8] , sputter deposition [9] and electron beam deposition [2] , H(0.27) has a signature similar to H 0.27 observed by Auret et al. [2] . H(0.09), H(0.31) and E(0.38) have been assigned to the ( + /0), (0/ À), (-/-) charge states of the E-center, respectively [6] [7] [8] [9] [10] . The two levels H(0.26) and H(0.31) were observed as a single DLTS peak as shown in Fig. 1b but could clearly be separated by LDLTS as depicted in the inset of Fig. 1 . The LDLTS peaks both shifted to higher emission rates with an increase in temperature, an indication that they are real defect peaks. , on n-Ge, (a) immediately after sputtering and (b) after room temperature annealing for a month. These spectra were recorded at a rate window (RW) of 80 s À 1 , a quiescent reverse bias of V r = À 1 V with a filling pulse V P = +3 V superimposed on the reverse bias and with a pulse width of 1 ms. Inset: The LDLTS spectra of the H(0.26) and H(0.31) recorded at 140 K (dotted curve) and 143 K (solid curve) which appears as a single peak on the DLTS spectrum.
Table 1
The summary of electron properties of primary defects introduced by 3 keV Ar sputter damage in n-Ge and secondary defects introduced after thermal annealing. 
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Annealing behavior of the electron and hole traps
The annealing behavior of defects induced by 3 keV Ar ions sputtering on Ge is depicted in Fig. 2 and the electron properties extracted from the annealing graphs and Arrhenius plots depicted in Fig. 4 (open circles, after annealing at 225 1C) and (open triangles, after annealing at 275 1C) are summarized in Table 1 . The hole traps H(0.09), H(0.26) H(0.31) and E(0.38) were stable up to 150 1C as shown in Fig. 2 curve(c) but H(0.31) was removed after annealing at 200 1C curve (d). The hole trap H(0.14) was introduced after annealing at 50 1C and was removed at 275 1C whereas traps H(0.27), H(0.30) and H(0.40) are observed after annealing at 200 1C and were still present at the highest annealing temperature of 285 1C beyond which the diodes were too degrade for DLTS measurements. The defect levels H(0.27), H(0.30) and H(0.40) are clearly separated by LDLTS in Fig. 3 (inset) for a DLTS measurement at 2251C. The Arrhenius plots in Fig. 4 clearly show that the pair H(0.27) and H(0.26) and the pair H(0.30) and H(0.31) are indeed different sets of defects. The peaks H(0.27), H(0.30) and H(0.40) are secondary defects observed after both the E-center and H(0.26) have been removed, strongly suggesting that these defects are formed when (a) V-Sb dissociates or (b) V-Sb diffuses and forms completely new higher order complex defects. Annealing studies of similar samples irradiated with electrons [7] did not reveal the same secondary defects suggesting that these complex defects are dependent on the mass and energy of the irradiating particles.
Summary and conclusions
The 3 keV Ar ion sputtering was shown to introduce primary traps, H(0.09), H(0.31), and E(0.38). After room temperature annealing for a month a trap H(0.26) was observed. These traps have also been observed in n-type Ge after electron beam deposition, sputter deposition and electron irradiation [2, 6, 8, 9] . The annealing studies have further revealed new hole traps H(0.27), H(0.30) and H(0.40) which were all formed after the annealing of the E-center and H(0.26), and they are probably V and/or Sb related higher order defects. More work in terms of defect models are required to identify these secondary defects. 
